Short-term elevation of circulating glucocorticosteroids (GCs) in vertebrates facilitates the adoption of a distinct emergency life history state, which allows individuals to cope with perturbations and recover homeostasis at the expense of temporarily suppressing nonessential activities. Although GC responses are viewed as a major evolutionary mechanism to maximize fitness through stress management, phenotypic variability exists within animal populations, and it remains unclear whether interindividual differences in stress physiology can explain variance in unequivocal components of fitness. We show that the magnitude of the adrenocortical response to a standardized perturbation during development is negatively related to survival and recruitment in a wild population of long lived birds. Our results provide empirical evidence for a link between stress response, not exposure to stressors, and fitness in a vertebrate under natural conditions. Recent studies suggest that variability in the adrenocortical response to stress may be maintained if high and low GC responders represent alternative coping strategies, with differential adaptive value depending on environmental conditions. Increased fitness among low GC responders, having a proactive personality, is predicted under elevated population density and availability of food resources, conditions that characterize our study population.
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animal personality ͉ corticosterone ͉ glucocorticosteroids ͉ reproduction ͉ survival E xposure to environmental perturbations constitutes a major selective force in natural populations. Animals have evolved behavioral and physiological strategies to avoid the deleterious effects of stressors, and among vertebrates, the adrenocortical response is one of the most conserved physiological mechanisms aimed at this end (1) (2) (3) . In response to modifying factors (e.g., decreased food resources, predation, harsh weather), vertebrates activate the hypothalamous-pituitary-adrenal axis, which triggers a rapid release of glucocorticosteroids (GCs) from the adrenal glands into the bloodstream (4). Elevations of circulating GCs, in turn, redirect individuals into a distinct emergency life history state (3) with changes in physiology and behavior (e.g., increased gluconeogenesis and mobilization of fat stores, suppressed territorial and reproductive behavior, irruptive migration; refs. 2 and 4), aimed at coping with the perturbation and recovering homeostasis at the expense of temporarily suppressing nonessential activities. The quantification of circulating GC titers has become a useful tool in psychology, animal husbandry, and conservation biology because elevations of plasma levels constitute a physiological marker of exposure to stress (e.g., refs. 5-7), and the latter has deleterious effects on fitness. However, even within animal populations exposed to constant environments there is a strong interindividual variability in the adrenocortical response to standardized stressors (8) (9) (10) , and it remains unknown whether such natural variability exerts an impact on fitness. Only recently, studies in fish, birds, and mammals, including humans, suggest that interindividual differences in stress-coping responses are key attributes defining personality types (10) (11) (12) (13) (14) , and variability in natural populations is maintained through different payoffs on adaptive capacity and vulnerability to disease. We tested whether individual variation in the GC response to stress early in life has long-term consequences to unequivocal components of fitness: survival and reproduction. As a study model we used the European white stork (Ciconia ciconia), a large water bird that shows deferred breeding and a maximum life span of Ͼ33 years under natural conditions (15) . In June 2000 we assessed the physiological response to a standardized perturbation in 35 wild nestlings hatched in a colony near Seville, Spain. Using the capture and restraint protocol (16), we collected a blood sample within the first minute after capture (baseline sample) and a second blood sample after 45 min of restraint (stress-induced sample). The concentration of circulating corticosterone was determined in the blood samples, and during the next 5 years (2001-2005) we monitored survival and recruitment through intensive and extensive field surveys of banded birds on a very large scale.
Results and Discussion
From 6,723 field observations of individuals fitted with large plastic alpha-numeric bands, we gathered positive resightings on 13 (37%) experimental birds. Survival probability was negatively related to stress-induced corticosterone levels ( 2 ϭ 5.59, P Ͻ 0.05; Fig. 1 ), positively related to body condition ( 2 ϭ 5.01, P Ͻ 0.05) and age at sampling ( 2 ϭ 5.53, P Ͻ 0.05) and no other significant effect was found (Table 1) . Although increased mortality among high GC responders may suggest a potential for natural selection to operate on stress physiology, there is a general agreement that this force exerts its effects by maximizing reproduction of the adapted individuals, even at the expense of health and survival (17) . For this reason, we also analyzed the probability of recruitment of white storks into the breeding population. Of the 35 nestlings subjected to experimental assessment of stress response, 9 birds (26%) were recruited as breeders. The probability of recruitment was negatively related to stress-induced GC levels ( 2 ϭ 5.50, P Ͻ 0.05) and positively related to nestling age at blood sampling ( 2 ϭ 4.39, P Ͻ 0.05) with no other significant effect found (Table 1 and Fig. 2 ).
Our study provides empirical evidence of a link between the physiological response to stress early in life and both reproduction and survival in a vertebrate and clearly indicates superior long-term fitness among phenotypes with reduced GC stress responses. Recent studies in wild populations of mammals, birds, and reptiles have reported associations between baseline (18) or chronic (6, 7) GC levels and survival. However, this association is ultimately confounded by differential exposure to stressors among individuals, affecting circulating GC levels, or relates to short-term survival (7) . In contrast, our results relate long-term survival and recruitment to the nature of an individual's physiological response to a standardized source of stress. Because baseline corticosterone had no effect on stork fitness (Table 1) , and it was unrelated to experimentally induced GC titers (Pearson r ϭ 0.128, P ϭ 0.47), our findings suggest a link between fitness and stress physiology rather than exposure to stressors. With regard to the effects of nestling age on survival and recruitment reported here, our assessment of developmental response to stress took place during 2 consecutive days; therefore, nestling age reflects variability in hatching date within the stork colony. Laying date has an almost ubiquitous association with parental quality in seasonal breeding birds, with goodquality individuals breeding earlier in the season (19) . Older, earlier-hatched nestlings may thus be the offspring of highquality breeders, showing enhanced survival and recruitment as a result of better genes, better parental care, or both. The positive effect of mass residuals on survival is consistent with an intuitive notion that the physical condition of nestlings is also a major determinant on individual fitness, possibly linked to parental quality and/or timing of breeding (20) . With regard to the negative association between adrenocortical function and both survival and recruitment, there is evidence that the behavioral and physiological response to stress is consistent over time (8, 10, 12) . High GC responders may trigger more often, or more robust, emergency responses to other sorts of perturbations, not only during development but also later in life. In the long term, frequent activation of the hypothalamous-pituitary-adrenal axis may lead to chronic exposure to elevated GC levels, with deleterious consequences on growth and maturity, immune and reproductive function, brain function, and cognitive abilities (2, 4, 21, 22) , all of which may affect survival and reproduction. Our results are consistent with studies conducted on laboratory rats establishing a positive association between GC stress response and mortality risk (10) . However, the latter animal model (Sprague-Dawley rats, Rattus norvegicus) was artificially selected to develop spontaneous tumors in adulthood (23) , and it remained unclear whether the association between the stress response and fitness was applicable to vertebrates outside of a controlled laboratory setting, and more important, whether other critical components of fitness such as reproduction could trade off the proposed benefits of a reduced GC response on longevity.
Although phenotypic plasticity may account for the reported variability in GC response, genetic selection and inbreeding also provide evidence for a strong genetic component to adrenocortical function (9, 12, 24, 25) . The GC response to stress, through its effects on fitness, is expected to be a trait subjected to strong natural selection, but natural variability will occur if divergent selective forces vary among populations or within a population over time. Research on humans (11) and other animals (12) (13) (14) suggests that variability in adrenocortical responses represents alternative strategies with associated payoffs on adaptive capacity and vulnerability to disease that change according to environmental conditions. Behavior under conditions of mild stress The predicted survival function according to the statistical model. The model predictions have been generated for a range of body condition estimates (maximum, minimum, and average condition scores according to study sample) to illustrate the simultaneous effects of both stress-induced response and body condition on survival probability. The probability of survival decreases as stress-induced corticosterone levels increase; however, for a given level of corticosterone, the survival probability is higher when the bird is in good condition. (Middle) The predicted probability of recruitment according to the statistical model. The model predictions have been generated for a range of ages to illustrate the simultaneous effects of both stress-induced response and nestling age on recruitment probability.
shows consistent patterns in all vertebrates: exploratory activity, boldness, and aggressiveness covary in the same way and shape distinct behavioral strategies also referred to as personalities or coping styles (12, 13) . In fact, the adrenocortical response to stress and other neuroendocrine traits seems to be causally linked, possibly through pleiotropy, gene linkage, or coselection (26) , to these behavioral strategies (10, 12, 13, 24, 25) . Proactive individuals (also called bold, aggressive, hawk personalities or fast explorers; refs. 12, 13, 24, and 25) typically show reduced GC elevations, but high activation of the sympathetic axis that facilitates the ''fight or flight'' response to stress. On the other hand, reactive individuals (also called shy, cooperative, dove personalities or slow explorers) are characterized by high GC secretion but low sympathetic activation in response to stress that facilitate the ''freeze and hide'' coping strategy (10, 12, 13, 24, 25) . The success of proactive vs. reactive coping strategies is postulated to vary as a function of population density and predictability of food resources, with proactive individuals being more successful when density is high and food is stable and abundant (13, 25, 27, 28) . Interestingly, our study colony of white storks has experienced a pronounced growth during the last 25 years, and with Ϸ400 nests is currently the largest Spanish colony (29) , and surely one of the largest and most dense in the world. In addition, the unique environment surrounding the colony (i.e., marshes of Doñana National Park) offers high predictability and abundance of food resources. Our results, therefore, concur with a conceptual framework that predicts selection of low GC responders, proactive phenotypes under similar environmental scenarios (13, 27, 28) , and provides a parsimonious evolutionary explanation for the reported link between fitness and adrenocortical function.
Materials and Methods

Assessment of the Adrenocortical Response to Stress and Traits of
Nestlings. We used the ''capture and restraint paradigm'' (16) to assess baseline GCs (blood samples collected within the first minute after capture) and stress-induced adrenocortical response (blood samples collected 45 min after capture) through determination of circulating corticosterone levels. Nestling storks respond to short-term human handling by activating their hypothalamous-pituitary-adrenal axis (30) . Our criterion for selecting this estimate of stress-induced response after 45 min of restraint was based on previous work reporting that the corticosterone response to handling tends to peak and reach a plateau between 30 and 45 min in stork nestlings Ϸ30 days of age or older (31) . To avoid the effects of differential exposure to uncontrolled sources of environmental perturbation, we sampled birds from a single breeding colony (Dehesa de Abajo, marshes of Doñana, southwest Spain), during a 2-day period, and between 8 and 11:00 a.m. to minimize potential diel effects. After accessing a nest, storks were immediately brought down to the ground for serial blood sampling. Blood samples were kept in ice coolers until centrifuged (7,000 ϫ g, 10 min) the same day of capture, and plasma was frozen and stored at Ϫ80°C for further determination of corticosterone levels. Plasma corticosterone was determined through RIA in duplicate tubes following standard methods as described (30) (31) (32) . Antiserum and purified corticosterone for the standards were purchased from SigmaAldrich (Oakville, Canada); [3H]corticosterone was purchased from New England Nuclear (Woodbridge, Canada). Corticosterone measurements were performed on reconstituted organic ethyl ether extracts of the plasma samples; extraction efficiency was Ͼ90%, average assay precision was 0.084 ng⅐ml Ϫ1 , the minimum detection limit of the assay was 0.10 ng⅐ml Ϫ1 , and intraassay and interassay coefficients of variation were Ͻ8%. The study colony was located in the vicinity of an area affected by a mine spill containing lead in 1998 (33) . Because lead has previously been shown to affect circulating glucocorticoids (34), we also determined blood levels of lead in the collected samples following methodology as described (34) and with the aim of controlling for potential effects on survival and recruitment (see below). All of the birds showed blood lead levels Ͻ200 g/liter, the threshold value reported to cause sublethal effects in birds (35) . Before returning the birds to their nests, they were banded with plastic-coded leg bands that allowed identification in the field, and their wing chord and body mass were measured. Because male and female white storks look alike, we resorted to molecular sexing of the birds (36) . Nestling age, which ranged from 29 to 59 days old, was estimated according to a regression equation of age on wing chord (37) . A body condition index was calculated as the individual's residual value from a regression of log 10 body mass on log 10 wing chord. To avoid unnecessary suffering or pain to study subjects we followed protocols in concert with Spanish laws and prioritized ethical considerations over scientific goals.
Estimation of Survival and Recruitment Probabilities. During the period 2001-2005, we gathered information on survival and recruitment through intensive and extensive field surveys of banded birds both at the local, national, and international scales. Our focal colony has been intensively monitored during the last two decades. Annual monitoring included accurate nest counts, breeding outcome, and marking of most f ledglings with plastic-coded leg bands easily readable at distance by using spotting scopes, to determine survival, recruitment, and dispersal of individuals (see, e.g., ref. 38). The same intensive monitoring was conducted within a radius of Ϸ40 km, covering the marshes and surroundings of Doñana National Park, this whole study area holding Ϸ2,000 nests of white storks in 2004 (29) . Field surveys to monitor nests and identify bands of marked birds were conducted 5 days a week, from midFebruary to late July, covering all of the colonies and the main feeding areas for the species. During the period 2001-2005 we resighted 1,078 birds previously born in our study area. Additionally, we consulted the national banding and resighting data bank at Estación Biológica de Doñana (Seville, Spain), which compiles information on Ͼ20,000 white storks banded across Spain and further resighted elsewhere worldwide. This process yielded information on 5,645 additional birds resighted in the same period and would allow detection of long-distance dispersers. The frequency of birds dispersing from our large study area seems negligible; only one of the 5,645 resightings obtained across Spain and neighboring countries in Europe and Africa corresponded to a stork born in Doñana (i.e., only 1 of 1,079 birds born in Doñana and later resighted elsewhere), which moved Ͻ100 km for its first breeding attempt. This frequency yields a probability of dispersal away from the study area Ͻ0.093% (i.e., 1/1,079). Considering that this estimation is very conservative (because it does not take into account individuals that died and were never resighted elsewhere after banding), we may expect that Ͻ1 individual (i.e., 0.032 individuals) of the 35 birds comprising our experimental sample actually dispersed away from the study site. This probability is rather negligible to have any effect on the reported results and conclusions. Average age of first breeding in our population is 3.37 Ϯ 0.9 years (n ϭ 361; J.L.T. and R. Jovani, unpublished data), which is similar to that found in other populations [e.g., 3.4 years (39)], and thus the 5-year period of monitoring after the adrenocortical assessment seems reasonable for detecting most recruits. In fact, only 2.2% of birds recruited at 6 years old. Modeling survival through capture-mark-recapture techniques requires large sample sizes (18) , which are difficult to obtain through work such as ours. We thus relied on the analysis of return rates (e.g., ref. 40) , assuming that postfledging mortality occurred in individuals not resighted during the 5-year period after blood sampling, and that nonrecruited birds died before reaching first-breeding age. These seem to be reasonable assumptions, given the population traits and the intensive monitoring effort described above. Generalized linear models (GLMs) were used (40, 41) for analyzing the probability of survival and probability of recruitment in relation to baseline and stress-induced corticosterone, age, sex, brood size, body condition, and blood levels of lead. For this kind of binary data (fledglings surviving or recruited ϭ 1, and fledglings not surviving or not being recruited ϭ 0), a binomial error and a logistic link function are adequate, resulting in a GLM that approaches a logistic regression (42) . Each explanatory variable was tested for significance following standard backwards procedures, where the nonsignificant factors and covariates are sequentially removed from the saturated model. The result is the most adequate model for explaining the variability in the response variable, where only the significant explanatory variables are retained.
